The effect of salt stress on the incorporation of r5Sjmethionine into protein was examined in roots of barley (Hordeum vulgare L. cv California Mariout 72). Plants were grown in nutrient solution with or without 200 millimolar NaCl. Roots of intact plants were labeled in vivo and proteins were extracted and analyzed by fluorography of two-dimensional gels. Although the protein patterns for control and salt-stressed plants were qualitatively similar, the net synthesis of a number of proteins was quantitatively changed. The most striking change was a significant increase of label in two protein pairs that had pIs of approximately 63 ad 6.5. Each pair consisted of proteins of approximately 26 and 27 kilodaltons (kD). In roots of control plants, the 27-kD proteins were more heavily labeled in the microsomal fraction relative to the 26-kD proteins, whereas the 26-kD proteins were enriched in the post 178,000g supernatant fraction; in roots of salt treated plants, the 26-and 27-kD proteins were more intensely labeled in both fractions. Labeling of the 26-and 27-kD proteins returned to control levels when salt-stressed plants were transferred to nutrient solution without NaCl. No cross-reaction was detected between the antibody to the 26-kD protein from salt-adapted tobacco cells and the 26-and 27-kD proteins of barley.
Plants are often subjected to a wide variety of environmental stresses throughout their life cycles. One approach to understanding the ability of plants to tolerate environmental stresses is to identify stress-induced changes in the levels of individual proteins, with the assumption that adaptation to stress is the result of altered gene expression. Protein synthesis responds dramatically to environmental stresses such as heat shock (6, 21) and anaerobiosis (27) where the synthesis of most proteins ceases and the synthesis of a new set of proteins is induced. A similar response in the pattern of protein synthesis has been observed for excision shock (32) . For other environmental stresses the response is not as dramatic; however, water stress (2, 7, 18, 31) , osmotic shock (13) , wounding (8, 29, 30) , cold acclimation (5, 17, 33, 34) , and salt stress (12, 31) result in an increase in the net synthesis of some proteins and a decrease in the synthesis of others, with or without a concomitant induction of unique stress proteins.
We have initiated studies to analyze the influence of salt stress on the pattern of protein synthesis in barley roots. Barley is the most salt tolerant grain of major agricultural importance and has been grown in fields salted-out by previous irrigation practices (1 1, 25) . Barley genetics and physiology have been extensively studied (4) , as has the relationship between salt tolerance and ion transport both on a cellular and whole plant level (reviewed: 16, 20, 26) . However, little work has been done on the effect of salt stress on protein synthesis in barley. Barley was included in studies of the effects of ions and organic solutes on the in vitro stability of polysomes (3) and the in vitro translation of mRNAs (15) of salt-tolerant and salt-sensitive plants.
Relatively few studies on the effect of salt stress on protein synthesis in vivo have been done. Considerable information has been obtained on cultured tobacco cells adapted to grow in medium containing high levels of NaCl (12, 31 and references therein). Ericson and Alfinito (12) reported that two protein bands (20-and 32-kD) were much more abundant and one protein band (26-kD) was unique on SDS polyacrylamide gels of cells adapted to grow on NaCl. In more detailed studies, Singh et al. (31) found that eight protein bands increased, including the 26-kD polypeptide, and that four protein bands decreased in the salt-adapted cells; the 26-kD polypeptide increased in the greatest amount and constituted about 10% of the total cellular protein.
In this study we describe the effects of NaCl on in vivo protein synthesis in barley roots using 2D' PAGE. The response of protein synthesis to salt stress is characterized with respect to NaCl concentration and length oftreatment as well as to recovery from NaCl stress. Changes that occur in the synthesis of proteins found in cytosol and microsomal fractions are also described. Antibodies to the 26-kD protein of cultured tobacco cells were used to determine ifthe proteins of similar mol wt in barley were immunologically related to the tobacco protein. Two-dimensional PAGE was done as described previously (19) ; 200,000 cpm were loaded per gel. A carbamylation charge train, constructed with creatine phosphokinase by the method of Anderson and Hickman (1) , was used for internal isoelectric point standardization of the 2D gels. Following electrophoresis of the second dimension, gels were processed for fluorography by the method described by Garrels (14) . Kodak XAR-5 film was placed in contact with the dried gels and exposed at -70'C. The (19) ; however, the acetone precipitation step was omitted. Proteins were separated on SDSpolyacrylamide gels identical to those used for the second dimension ofthe 2D gel system except that the resolving gel was 13 cm and the stacking gel was 3 cm long. For the barley samples, 20 Ag of protein was loaded per lane and for the tobacco cell samples, 10 ug of protein was loaded per lane. Protein determinations of samples precipitated from the SDS buffer (19) were made by the method of Lowry et al. (22) . Proteins were transferred to nitrocellulose membranes (pore size 0.45 um; Schleicher and Schuell) using a Trans-Blot Cell (Bio-Rad Laboratories). The (24) and by staining a control blot with AuroDye (Janssen Life Sciences Products, Piscataway, NJ), a stain as sensitive for protein detection on nitrocellulose membranes as silver is for polyacrylamide gels. Immunodetection was done using the goat anti-rabbit, horseradish peroxidase ImmunBlot kit from Bio-Rad. The primary antibody to the tobacco 26-kD protein and the S-0 (unadapted) and S-25 (adapted to grow on 25 g NaCl/L nutrient solution) tobacco cell samples were obtained from Dr. Ray Bressan, Purdue University.
MATERIALS AND METHODS
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RESULTS
Growth of Barley Seedlings in the Presence of NaCl. Barley seedlings were grown in the dark at 100% humidity in a standard nutrient solution in order to study salt-induced changes in a system where results would not be complicated by physiological processes such as photosynthesis and transpiration or by changes in light intensity and relative humidity. The effect of increasing concentrations of NaCl on germination, length, fresh weight, and dry weight of roots and shoots was measured to determine an appropriate concentration of NaCl to use for the protein labeling studies. Percent seed germination was not affected by NaCl concentrations up to 200 mM (Table I) and had a mean of approximately 96% for the four concentrations in this range. Germination was reduced by approximately 33% by 300 mm and 72% by 400 mm NaCl. Length and fresh weight of roots increased when plants were grown in 50 and 100 mm NaCl (Table I ) and decreased with increasing NaCl concentrations above 50 mM. The dry weight of roots was similar for 0 to 100 Tables I and II indicated that NaCl concentrations greater than 200 mM caused substantial changes in barley plants. Therefore, experiments were done using plants treated with 200 mm NaCl. The effect of salt shock on plant growth was also examined; plants that were grown in nutrient solution without salt for 5 d were transferred to nutrient solution containing 200 mM NaCl for 24 h. Root elongation slowed; length and fresh weight were less than the corresponding controls while dry weight was the same (Table III) . Shoot elongation was not significantly affected; length, fresh weight, and dry weight were all similar to the corresponding controls (Table IV) . When the salt-shocked plants were transferred to nutrient solution without NaCl for a 24 h recovery period, the inhibition in root growth persisted (Table  III) , and shoot growth continued (Table IV) . This pattern of inhibition of root growth and continued shoot growth lasted through an additional 24 h period (Tables III and IV) .
Uptake and Incorporation of [35SjMethionine. In preliminary experiments, it was found that salt inhibited uptake and incorporation of [35S]methionine into protein in roots of salt-shocked plants, but not in roots of salt-grown plants (Table V) . Since approximately three times more counts were incorporated into TCA precipitable protein in control and salt-grown roots than in salt-shocked roots, a time course ofthe inhibition in salt-shocked roots was examined. Control and salt-shocked plants were removed at several time points during the 24 h treatment period and labeled for 1 h (Fig. 1) . In the control roots, uptake increased as a function of time during the 24 h experimental period (Fig.   519 www.plantphysiol.org on October 31, 2017 -Published by Downloaded from Copyright © 1987 American Society of Plant Biologists. All rights reserved.
IA) and was paralleled by an increase in incorporation of [35S]
methionine into TCA insoluble protein (Fig. 1 B) . This increase in uptake coincided with the observed increase in root length (compare 6 d and 7 d controls, Table III ). The uptake of [35S] methionine was inhibited by the addition of NaCl to the nutrient solution (Fig. IA) and was accompanied by a decrease in incorporation of label (Fig. 1B) . Uptake and incorporation increased after 2 h and by 24 h uptake was approximately 46% of the control and incorporation 35%. After 48 h, the values for uptake and incorporation were similar to those for 24 h (data not shown).
Although salt shock caused a decrease in incorporation of [35S] methionine into protein, there was no significant decrease in incorporation as a percent of uptake when compared with the control. Overall, the mean value for percent incorporation was approximately 30% for the control and for the salt-treated roots (calculated from Fig. 1 Figure 2C . It is noteworthy that many of the changes observed in salt-shocked roots were similar to those observed in salt-grown roots.
The most striking changes in labeling in roots of salt-grown or salt-shocked plants were significant increases in two protein pairs that had pls of approximately 6.3 and 6.5 (indicated by arrows in Fig. 2) . Each pair consisted of proteins of approximately 26-and 27-kD. In fluorographs of proteins from control roots ( Fig.  2A) , the pI 6.5 proteins were greater in amount than the pl 6.3 proteins. The 27-kD proteins in each pair were lower in amount than the corresponding 26-kD proteins. In fluorographs of proteins from roots of salt-grown plants (Fig. 2B) , both the 26-and 27-kD proteins were labeled more intensely than in control roots and the pl 6.3 protein pair more than the p1 6.5 protein pair.
Similar results were obtained in roots of salt-shocked plants (Fig.   2C ), although the 26-and 27-kD proteins appeared to be labeled in relatively lower amounts compared to salt-grown plants.
To determine if the effects of NaCl on the pattern of protein synthesis were reversible, salt-grown plants were transferred to nutrient solution without NaCl for 48 h. A comparison of proteinslabeled at the endof the48 h recoveryperiod (Fig. 2D) with those labeled by the control (Fig. 2A) 3C ) fractions showed that the protein patterns were qualitatively different. Overall, the majority of the cytosolic proteins were located in the acidic region (pI < 6.0) of the 2D gels (Fig. 3A) whereas comparatively more of the microsomal proteins were located in the basic region (Fig. 3C) . Each of the fractions contained approximately 40 proteins that were enhanced in or specific to that fraction; prominent proteins characteristic of the cytosolic and microsomal fractions are indicated (diamonds) in Fig. 3 , A and C. As in fluorographs of total proteins from roots, NaCl caused quantitative but not qualitative changes in the labeling pattern of proteins of the cytosolic (Fig. 3B ) and microsomal fractions (Fig. 3D ). In general, more quantitative changes were evident in fluorographs of proteins from the cytosolic fraction of salt-treated roots than in the microsomal fraction. In the cytosolic fraction, five proteins with mol wt of approximately 35-to 45-kD (indicated by small arrows in Fig. 3B ) increased significantly in addition to the 26-and 27-kD proteins. Although many proteins were restricted to either the cytosolic or microsomal fraction, the 26-and 27-kD proteins were present in both fractions; the p1 6.5 proteins were present in greater amounts relative to the pl 6.3 proteins (Fig. 3, A and C) .
However, the 26-kD proteins were much more abundant relative to the 27-kD proteins in the cytosolic fraction (Fig. 3A) . Fluorographs of proteins synthesized in roots of salt-grown plants revealed an increase in the amounts ofthe 26-and 27-kD proteins in both fractions (Fig. 3, B and D) . In the cytosolic fraction, the 26-kD proteins were present in much greater amounts relative to the 27-kD proteins (Fig. 3B) . In the microsomal fraction, the 26-and 27-kD proteins were all present at increased levels (Fig.   3D) ; the protein pair at pl 6.3 was present atslightly higher levels relative to the pl 6.5 proteins.
Immunoblots. To determine if the 26-and 27-kD proteins of barley were related to the 26-kD protein of salt-adapted tobacco cells, a SDS-polyacrylamide gel of proteins solubilized from roots of control and salt-grown barley plants and from S-0 (unadapted) and S-25 (adapted) tobacco cells was blotted tonitrocellulose.
The blot was treated with the antibody to the tobacco 26-kD protein. The antibody cross-reacted strongly with proteins solubilized from the tobacco cell lines (Fig. 4) . The cross-reaction was primarily with one protein band that, in our gel system, had an apparent mol wt of 24 by the addition of200 mm NaCl to the control nutrient solutions. When plants, whether grown in NaCl or shocked with NaCl, were placed in nutrient solution without NaCl, the levels of nearly all proteins that had increased or decreased during NaCl treatment, including the 26-and 27-kD proteins, returned to near control levels.
In preliminary cell fractionation studies, it was found that NaCl altered the labeling of a number of proteins specific to or enhanced in the cytosolic and microsomal fractions. In roots of control plants, the 26-kD proteins were predominant in the cytosolic fraction whereas both the 26-and 27-kD proteins were present in the microsomal fraction. In roots ofsalt-treated plants, the 26-and 27-kD proteins increased in both the cytosolic and microsomal fractions. Although more salt-induced protein changes were evident in the cytosolic fraction, the fact that changes occurred in the microsomal fraction is interesting since membrane proteins may play an important role in the response of plants to salt stress. Under conditions of salt stress, high cytoplasmic Na+:K' ratios cause metabolic damage and high Na' concentrations may interfere with K+ acquisition (23 and references therein). Barley responds to salt stress by maintaining favorable cytoplasmic Na+:K' uptake selectivity, by Na' extrusion, and by vacuolar Na' compartmentation (23 and references therein), functions that are all regulated by membranes (20) . Lynch and Lauchli (23) speculated that part of the inhibition in stelar K+ release caused by salinization of barley roots may be due to the inhibition of synthesis or turnover of protein(s). We have shown that changes in the net synthesis of microsomal membrane proteins of barley roots do occur in response to salt stress. Other examples of quantitative alterations in the synthesis of membrane proteins in response to environmental stress include the protein changes that occur in the plasma membrane of winter rye (33) and mulberry (34) during cold acclimation; evidence indicates that the plasma membrane is intimately involved in cold acclimation and freezing injury (34 and references therein).
In cultured tobacco cells adapted to grow in media containing high levels of salt, a 26-kD polypeptide increases significantly (12, 31) . This polypeptide constitutes up to 10% of the total cellular protein in adapted cells and is synthesized in two different periods during culture growth (31) . The 26-kD polypeptide synthesized during the early growth phase has a pI of 8.2 and the one synthesized during the late growth phase has a pI of 7.8 (31) . In addition, the 26-kD polypeptide is synthesized in unadapted cells and has similar partial proteolysis peptide maps and is immunologically cross-reactive with the polypeptide from adapted cells. The principle salt-induced proteins of barley roots resembled the tobacco proteins in that they had nominal mol wt of 26,000. However, the barley proteins were not immunologically cross-reactive with antibodies to the tobacco protein. The lack of cross-reactivity was not surprising because the pIs of the barley proteins were more acidic than those of the tobacco proteins and further, the barley proteins were 2-to 3-kD larger than the tobacco protein, which had an apparent mol wt of 24,000 on gels run in our electrophoresis system.
One explanation for the observed changes in net protein synthesis induced by NaCl may be that the translation of the mRNAs is inhibited or stimulated to varying degrees by increased cytoplasmic NaCl concentrations. Evidence from studies on the effects of ions (K+, Na+, Cl-) and compatible organic solutes (proline, glycinebetaine) on the in vitro translation of mRNAs isolated from salt tolerant and salt sensitive plants (15) showed that protein synthesis was inhibited by substitution of Na+ for K+ or of Cl-for acetate at concentrations above 80 mm (15) . In addition, the relative synthesis of some polypeptides changed when Na+ or NH4' were partially substituted for K+; these polypeptides were found to be synthesized by plastid RNA. Since
